ABSTRACT: Direct-fed microbials (DFM) have been shown to improve gain and growth efficiency and also modulate ruminal fermentation. In Exp. 1, 72 beef steers were used to compare a lactate-producing bacterial (LAB) DFM consisting primarily of Lactobacillus acidophilus and Enterococcus faecium, and a lactate-producing and lactate-utilizing (LAB/ LU) DFM consisting primarily of L. acidophilus and Propionibacterium both fed at 10 9 cfu/d. Steers were fed a corn-based finishing diet for 153 d and then slaughtered for collection of carcass characteristics. In Exp. 2, 12 ruminally cannulated steers were fed a corn-based finishing diet and treated with 10 9 cfu/d of LAB DFM. Rumen fluid was sampled on d 14 and 28 over a 12-h period. Steers were ruminally dosed with a 2-L solution of neutralized DL-lactate (0.56 M) and Cr-EDTA (13.22 M) 3 h postfeeding on d 15 and 29. Ruminal samples were collected at 10-and 20-min intervals for the first and second hour postdosing. No differences (P ≥ 0.14) between control (CON) and LAB for DMI, ADG, growth efficiency, or carcass characteristics were observed. Dry matter intake was greater (P = 0.04) for LAB/LU than LAB from d 0 to 28 but did not differ (P ≥ 0.29) thereafter. Average daily gain was greater (P = 0.04) and efficiency tended (P = 0.06) to be greater for LAB than LAB/LU over the entire 153 d. In Exp. 2, total VFA concentration and molar proportions of butyrate were unaffected (P ≥ 0.24). Molar proportions of acetate exhibited a DFM by hour interaction (P = 0.04); however, on average, molar proportion of acetate was 4.4% greater for DFM. Conversely, DFM did not affect the molar proportion of propionate (P = 0.39). On average, molar proportions of propionate tended to increase (P = 0.07), and acetate tended to decrease (P = 0.07) across days. Mean daily ruminal pH was similar for CON on d 14 and 28, whereas mean pH increased from d 14 to 28 for DFM (DFM × day; P = 0.08). Minimum pH remained unchanged for CON over time but increased from d 14 to 2 for DFM (DFM × day; P = 0.10). Maximum pH decreased from d 14 to 28 in CON but increased over time with DFM (DFM × day; P = 0.05). DL-and L-lactate utilization were unaffected by DFM (P ≥ 0.33) or day (P ≥ 0.50). Although the LAB DFM did not impact growth performance, it did modulate ruminal fermentation, as evidenced by shifts in ruminal VFA profile and pH; however, DFM did not appear to influence ruminal lactate utilization.
INTRODUCTION
Increases in gain and growth efficiency have been observed with direct-fed microbials (DFM); however, these responses have been variable (Elam et al., 2003; Peterson et al., 2007; Swinney-Floyd et al., 1999) . In a review of literature, Krehbiel et al. (2003) found that feeding bacterial DFM to feedlot cattle results in a 2.5 to 5% increase in daily gain and approximately a 2% increase in feed efficiency. Previous work has focused primarily on the inclusion of lactate-utilizing (LU) bacteria or mixed cultures of lactate-producing Direct-fed microbials containing lactate-producing bacteria influence ruminal fermentation but not lactate utilization in steers fed a high-concentrate diet 1,2 and lactate-utilizing bacteria (LAB/LU) in finishing cattle diets, with little emphasis placed on mixed cultures consisting entirely of lactate-producing bacteria (LAB). The driving mechanism(s) behind the differences in growth and efficiency have not been definitively identified; however, DFM have been shown to modulate ruminal fermentation, as evidenced by shifts in rumen pH and VFA profiles (Beauchemin et al., 2003; Ghorbani et al., 2002; Nocek and Kautz, 2006) . Due to the DFM ability to modulate ruminal fermentation, there has been interest in the application of DFM as a preventative tool against ruminal acidosis. Ruminal acidosis is the most common nutritional disorder observed in the feedlot and is the result of the production of organic acids and lactic acid at rates greater than the capacity for ruminal clearance, resulting in severe depressions in ruminal pH following feeding (Aschenbach et al., 2011) . It has been postulated that a supply of LAB DFM results in a tonic level of lactic acid in the rumen, which stimulates the LU bacterial population thereby increasing ruminal pH (Yang et al., 2004) . Two experiments were designed to test the hypotheses that 1) DFM with LAB in feedlot diets will result in improvements in growth performance, 2) DFM containing LU will enhance this response, and 3) DFM effects on growth would be related to alterations in ruminal fermentation patterns and lactate utilization.
MATERIALS AND METHODS
All procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Experiment 1
Animals. Seventy-two crossbred beef steers (354 ± 27 kg) were used in a randomized complete block design experiment with initial weight as the blocking factor. Steers were separated into 3 blocks. Animals were previously purchased from local sale yards and had received a 40:60 forage to concentrate receiving diet for 102 d before the start of the experiment. Before initiation of the study, animals were vaccinated and dewormed (Intervet Safe-Guard Drench; Merck Animal Health, Summit, NJ). Animals received a single vaccination against Mannheim haemolytica and Pasteurella multocida (Intervet Once PMH; Merck Animal Health). Additionally, they received clostridial vaccine (Intervet Vision 7; Merck Animal Health). Cattle were weighed and processed on d 0. Processing involved the administration of a growth implant (Revalor XS; Merck Animal Health).
Within weight block, steers were randomly assigned to pen and treatment. Steers were housed in 2.44-by 14.63-m pens, with 4 animals per pen, in a 3-sided concrete-floored barn. Pens were equipped with fence line bunks, consisting of 2.44 m per pen (0.61 m of bunk space per animal). Free access to water was provided at all times. Adjacent pens shared a common water source; therefore, DFM treatments were assigned randomly to "pen pairs" to minimize exposure to DFM across treatment groups.
Experimental Treatments. Animals were fed a common, high-concentrate, total mixed ration (TMR) diet once daily (Table 1) . Diet adaptation occurred during the first 21 d of the experimental period and was accomplished through the feeding of 3 separate step-up diets, fed for 7 d each. The step-up diets started at 40% roughage (corn silage + haylage) and ended at 10% roughage in the final diet. The diets were prepared daily and adjusted weekly for changes in ingredient DM content. Dry matter ingredients were determined by drying feedstuffs for 24 h in a forced-air oven (100°C; Model 1690; VWR Scientific Products, Cornelius, OR). Individual ingredient samples were collected weekly, composited by 28-d period, and stored at −20°C. Cattle were fed once daily, with the amount of feed offered adjusted daily to provide ad-libitum intake with a minimal amount of feed refusals. Feed refusals, as a percentage of feed delivery, were 3% on average across all pens over the duration of the feeding period. Feed refusals, as a percentage of feed delivery, per weigh period ranged from 0 to 6.6%; however, there was only a single incidence of a 0% feed refusal (1 pen during 1 weigh period). To determine intake, feed refusals were collected and weighed weekly. Pens were scraped clean and bedded with sawdust routinely. Animals were assigned to 1 of 3 treatments: 1) control (CON), 2) a mixed bacterial culture of LAB, 3) a mixed bacterial culture consisting of LAB/LU. The LAB culture primarily consisted of Lactobacillus acidophilus and Enterococcus faecium and also included Pediococcus acidilactici, Lactobacillus brevis, and Lactobacillus plantarum (10G; Vit-E-Men Co., Norfolk, NE). The LAB/LU culture primarily consisted of L. acidophilus and Propionibacterium freudenreichii (Bovamine; Nutrition Physiology Co., Guymon, OK). Control animals received lactose, which served as the carrier for the LAB culture. Treatments were prepared weekly by mixing 784 g of DFM or lactose with 55 kg of finely ground corn and stored at −20°C. Treatments were applied daily as a top-dress over the TMR. Each pen received 500 g of top-dress to supply 10 9 cfu DFM per head. To decrease the likelihood of cross-contamination, the mixer was swept clean and a 3-min wash-out mix was completed between every treatment. Additionally, all other items that came in contact with the DFM were color coded and were only used for a specific treatment.
The experiment followed a blind study protocol. Treatment identification was unknown to all personnel directly involved with the experiment during data collection and summary. Trained laboratory personnel developed a master sheet, identifying each treatment with a color. Direct-fed microbials were dispensed into color coded vials at the laboratory, transported to the beef research facility, and subsequently mixed with ground corn carrier.
Growth Performance and Carcass Characteristics. Individual BW were recorded on d 0, 1, 28, 56, 84, 112, 132, and 154 . The average BW from 2 consecutive weigh days (d 0 and 1) was used to determine initial BW. Final live weight was determined with a single weight and was obtained before shipment for slaughter. Scale accuracy was certified at the initiation of the experiment (Jack Mann Scales, Inc., Lexington, KY) and confirmed with calibrated weights immediately before each weighing event.
Steers were shipped to Tyson Fresh Meats (Joslin, IL) for slaughter. A merit evaluation of each carcass was done according to USDA standards and performed by a qualified meat scientist. Carcass merit indicators were HCW, dressing percentage (DP), back fat thickness, marbling score, yield grade (YG), and quality grade (QG).
Medication Protocol. Animals were visually examined daily and treated for sickness, if required. In order for an animal to qualify for treatment, the animal must have appeared visually sick (e.g., lethargic, coughing, runny nose) or exhibited BW loss relative to either initial BW or interim BW and also have had a rectal temperature greater than 39.7°C. The medication protocol and order of medication administration consisted of 1) a single subcutaneous injection of Micotil (Tilmicosin; Elanco Animal Health, Greenfield, IN), 2) Nuflor (Florfenicol; Merck Animal Health), and 3) a single subcutaneous injection of LA-200 (Oxytetracycline; Pfizer Animal Health, New York, NY). To receive a second or third treatment, animals were required to be nonresponsive to the previous treatment. Cattle were treated if nonresponsive to Micotil for more than 2 d and nonresponsive to Nuflor for more than 3 d. Animals were not treated more than 3 times. In the event that an animal did not respond to the medication protocol, they would have been defined as chronic and removed from the study; however, there were no cases of chronic sickness in this study. Total respiratory morbidity was 19%, with 7% of cattle requiring a second treatment, and less than 1% requiring a third treatment.
Calculations. Performance measures were calculated from d 0 to each weigh date (e.g., d 0 to 28, 0 to 56, and so forth). Dry matter intake was determined for each pen by subtracting the accumulation of feed refusals for the period from the total amount of feed offered over the same time period. Average daily gain per animal was calculated as the total BW gain per period divided by the number of days per period, an average of the individual animal values was used to determine pen ADG. Gain efficiency was calculated as grams BW gain per period divided by kilograms feed intake over the same time period.
Statistical Analysis. Statistical analysis of ADG, DM feed intake, and growth efficiency was performed using the GLM procedure (SAS Inst. Inc., Cary, NC) with a randomized complete block design with initial weight as the blocking factor and pen as the experimental unit. Two preplanned contrasts were used. The first compared CON with DFM containing LAB and the second compared the 2 types of DFM (i.e., LAB vs. combination of LAB/LU). The first comparison was derived from previous work that demonstrated increased cattle growth with Vit-E-Men 10G compared to CON . The second comparison was utilized to evaluate the potential effects of the addition of LU bacteria in a DFM. Differences were considered significant at α ≤ 0.05, and trends were considered present at 0.05 < α < 0.10.
Experiment 2
Animals. Twelve ruminally cannulated Angus steers (initial BW 385 ± 35 kg) were used in a randomized complete block experiment, with time as the blocking factor (4 blocks of 3 steers). Steers received 1 of 2 treatments, CON or DFM, fed at a rate of 10 9 cfu/d. The DFM was a mixed bacterial culture that primarily consisted of L. acidophilus and E. faecium and also included P. acidilactici, L. brevis, and L. plantarum (10G; Vit-E-Men Co.) delivered in a ground corn carrier. The CON treatment consisted of the ground corn carrier.
Initiation of treatment was staggered to ensure that only 3 steers were sampled/challenged per day, with the exception of the total collection period, which was split into 2 time blocks (6 steers/block). The limitation on the number of steers handled per day resulted in unequal representation of treatments in each block; however, treatments were balanced across time with each treatment represented in every block. Animal assignment to block was random, with the constraint that each treatment be represented in each block. To accommodate the number of stalls for total collections, steers were separated into 2 groups for total collections. Digestibility measures were collected from blocks 1 and 2 during the first collection period and 3 and 4 during the second collection period. Steers were housed indoors in individual pens (3.0 by 3.7 m) with free access to water and 16-h light and 8-h dark cycles. Animals were fed a high-concentrate TMR twice daily at 2.0 × NE m (NRC, 2000; Table 1 ). The TMR was prepared weekly and stored in a walk-in freezer (−20°C). Dry matter ingredients were determined weekly, before mixing the next load of TMR, by drying for 24 h in a forced-air oven (100°C; Model 1690; VWR Scientific Products). Diet adaptation occurred over 26 d through use of 2 transitional diets. Animals were adapted from a 40% corn silage + haylage to a 10% corn silage + haylage diet and received the final diet for 10 d before the initiation of treatments. Following adaptation to the final diet, beginning d 1 of the experimental period, diets were top-dressed twice daily with DFM (10 9 cfu/d) in corn carrier or a CON consisting of corn carrier.
Rumen Fermentation. A pulse dose of Cr-EDTA, 500 mL Cr-EDTA solution (13.22 mM) diluted with H 2 O to a total volume of 1 L, was given intraruminally just before the morning feeding on d 14 and 28 of the study to determine liquid dilution rate. Rumen fluid samples were collected using a suction strainer just before (0 h) and 3, 6, 9, 12, and 24 h post Cr-EDTA infusion from multiple locations of the ventral rumen. Rumen pH was determined immediately after sample collection using a portable pH meter (Acorn pH 6 Meter; Oakton Instruments, Vernon Hills, IL). A 5-mL portion of the sample was combined with 0.5 mL of 25% (wt/vol) metaphosphoric acid and 0.5 mL of VFA internal standard (8.5 mM 2-ethlybutyrate) and frozen for later analysis. Approximately 15 mL of sample was frozen in a scintillation vial for determination of Cr-EDTA concentration. The remaining sample was centrifuged (Sorvall Legend RT; Thermo Fisher Scientific, Waltham, MA) at 4,300 × g for 5 min at 4°C, and approximately 5 mL of the resulting supernatant was frozen for analysis of ammonia-N.
Lactate Challenge. A lactate challenge was conducted on d 15 and 29 of the study to determine lactate clearance from the rumen. Steers were dosed intraruminally with a 2-L solution, consisting of 500 mL of neutralized DL-lactate solution (555.06 mM), 500 mL of Cr-EDTA solution (13.32 mM), and 1 L of nanopure H 2 O, 3 h after the morning feeding. Rumen fluid was collected via a suction strainer just before dosing (0 min) every 10 min for the first hour and every 20 min thereafter up to 120 min postdosing. Sampling duration was determined based on previous work from this lab (N. Kenney, unpublished data) indicating that 120 min is more than sufficient for rumen lactate concentrations to return to preinfusion concentrations. Rumen pH was immediately determined using a portable pH meter (Acorn pH 6 Meter; Oakton Instruments). The remaining sample was centrifuged for 5 min at 4,300 × g at 4°C. Approximately 2 mL of the resulting supernatant was microcentrifuged (Model 235C; Thermo Fisher Scientific) for 1.5 min at 13,600 × g at room temperature and then immediately analyzed for L-lactate (2700 Select Biochemistry Analyzer; YSI Inc., Yellow Springs, OH). The remaining supernatant was deproteinized with 6 N HClO 4 and centrifuged from 10 min at 4,300 × g at 4°C. The resulting supernatant was then neutralized with 6 N KOH, centrifuged at 4,300 × g at 4°C, and the resulting supernatant was frozen for later analysis of DL-lactate. Additional rumen fluid was collected at each time point and frozen for later determination of Cr-EDTA concentrations.
Approximately 2 h before the lactate infusion, steers were fitted with a jugular catheter (14 gauge, 6 inch) to facilitate blood sampling. Blood samples were collected into a heparinized syringe just before dosing (0 min) every 10 min for the first hour and every 20 min thereafter up to 120 min postdosing and stored in vacutainers (Becton, Dickson and Co., Franklin Lakes, NJ) on ice until centrifuged. Samples were centrifuged at 1,350 × g for 15 min at 4°C and the resulting plasma was frozen for later analysis of L-lactate.
Digestibility. Steers were transferred to individual tie stalls for a 5-d total collection of urine and feces. A period of 10 to 12 d was allowed before the initiation of total collections to allow the rumen environment to stabilize from any potential disturbances caused during the lactate challenge. Feeding and treatment protocol remained as previously described. Daily urine and fecal output were obtained immediately before the morning feeding. Urine was collected using a rubber funnel system under vacuum that drained into a plastic container. Urine was acidified (pH < 3) with the addition of 0.3 to 0.7 L of a 23.5% solution of phosphoric acid to the collection vessel to prevent ammonia-N loss. Urine output was recorded daily and a constant percentage of urine was subsampled daily, approximately 200 g per steer. Wet fecal weight output was recorded daily and subsampled to yield approximately 2 kg of wet matter per day. Urine and fecal samples were frozen daily and then composited at the end of the 5-d period. Fecal DM was determined daily in a forced-air oven (100°C; Model 1690; VWR Scientific Products). Samples of the TMR and the top-dress were collected daily, frozen, and then composited at the end of the 5-d period. Feed refusals were weighed and frozen daily. Feed, feed refusal, and fecal samples were later analyzed for DM and OM. Crude protein was determined for feed, feed refusal, fecal, and urine samples using a gas N analyzer (Vario Max; Elementar Americas Inc., Mt. Laurel, NJ).
Sample Analyses. Ruminal VFA concentrations were determined by gas chromatography (6890 HewlettPackard, Avondale, PA), fitted with a Supelco-25326 Nukol fused silica capillary column (15-m by 0.53-mm by 0.05-μm film thickness; Sigma/Supelco, Bellefonte, PA) following previously described procedures (Erwin et al., 1961; Ottenstein and Bartley, 1971) . Konelab analysis (Model 20XTi; Thermo Fisher Scientific) was used to determine NH 3 -N concentrations following procedures described previously (Kun and Kearny, 1974) . Samples were analyzed for chromium concentration using atomic absorption spectroscopy (AAnalyst 200; PerkinElmer, Shelton, CT) with an air-acetylene flame (Binnerts et al., 1968) . DL-lactate was determined by gas chromatography (Model 6890N Network GC; Agilent Technologies, Santa Clara, CA) following the derivatization of rumen fluid samples (Hušek and Liebich, 1994; Kristensen, 2000) using 13C-lactate as an internal standard.
Calculations. Liquid dilution rate was determined by regressing the natural logarithms of Cr concentrations against sampling times (Warner and Stacy, 1968) . Area under the curve (pH vs. time) was used as an indicator of subacute ruminal acidosis (SARA) and was calculated as a function of the time spent under pH of 5.8 over the 12-h sampling period. A threshold pH of 5.8 was used to define incidence of SARA based on previous work (Aschenbach et al., 2011) . Rate of DL-and L-lactate disappearance from the rumen, independent of outflow from the reticulo-omasal orifice, was determined by regressing the natural logarithms of the ratio of lactate to Cr-EDTA against sampling times. Dry matter, OM, and N digestibility were calculated by subtracting the nutrient output in the feces from the nutrient intake and dividing the difference by the nutrient intake. Retained N was determined by subtracting fecal and urine N from N intake.
Statistical Analysis. Rumen profile measures (pH, VFA, NH 3 -N, lactate) were analyzed using the Mixed procedure (SAS Inst. Inc.) with repeated measures (hour) within repeated measures (day). The model statement included terms for treatment, hour, day, and block, as well as the interactions between treatment, hour, and day, and the Kenward-Roger method was used for calculation of denominator degrees of freedom. Repeated measures across hours were analyzed using steer (day) as the subject and an autoregressive (1) covariance structure. Liquid dilution and volume were analyzed using the Mixed procedure (SAS Inst. Inc.) with treatment, day, and block, and the interaction between treatment and day included in the model. The Mixed procedure (SAS Inst. Inc.) was used to analyze pH minimum, maximum, and area under the curve. The model statement included terms for treatment, day, block, and the interaction between treatment and day.
Rates of ruminal DL-and L-lactate disappearance, independent of outflow through the reticulo-omasal orifice, were analyzed using the Mixed procedure (SAS Inst. Inc.) with day, treatment, and block in the model statement. Ruminal pH and plasma L-lactate measures from each sampling point during lactate challenge were analyzed using the Mixed procedure (SAS Inst. Inc.). Day and treatment were considered fixed effects. Data from steers with Cr-EDTA disappearance curves that did not match normal 1 phase decay curves were not included in the analysis. At d 14, 2 steers were removed due to irregularities in Cr-EDTA disappearance, and 4 steers were removed at d 28.
Digestibility measures (DM, OM, N, retained N) were analyzed using the GLM procedure (SAS Inst. Inc.) with block and treatment in the model statement. Mean separation was determined using LSD for variables with time by treatment effects. Differences were considered significant at α ≤ 0.05, and trends were considered present at 0.05 < α < 0.10.
RESULTS

Growth Performance
No differences (P ≥ 0.14) in DMI, ADG, or growth efficiency were observed between CON and LAB (Table 2) . Dry matter intake during the first 28 d of the study was greater (P = 0.04) for the LAB/ LU than the LAB treatment. No other differences (P ≥ 0.71) in DMI were observed. Average daily gain was greater (P = 0.04) for the LAB treatment compared to the LAB/LU treatment from d 0 to 84. A tendency for greater (P = 0.07) ADG was observed from d 0 to 112. Average daily gain was greater (P = 0.03) for the LAB treatment compared to the LAB/LU treatment from d 0 to 132. Ultimately, over the entire 154-d feeding period, ADG was greater (P = 0.04) for the LAB treatment compared to the LAB/LU. Differences in gain efficiency were observed from d 0 to 84 and beyond. The LAB treatment had greater gain efficiency (P = 0.02), as compared to LAB/LU from d 0 to 84. Greater (P = 0.04) gain efficiency was observed for d 0 to 132 for LAB compared with LAB/LU. There was a tendency (P = 0.07) for greater gain efficiency from d 0 to 112 in LAB-fed animals compared to LAB/LU-fed animals. Ultimately, there was a tendency (P = 0.07) for greater growth efficiency over the 154-d feeding period. Final live weight was greater (P = 0.05) for the LAB treatment than the LAB/LU treatment.
Carcass Characteristics
Hot carcass weight, DP, backfat thickness, YG, marbling score, and QG did not differ (P ≥ 0.14) between CON and LAB or LAB and LAB/LU (Table 3) .
Rumen Fermentation
Three-way interactions between treatment, day, and sampling hour were not observed (P ≥ 0.30) for fermentation variables. Total ruminal VFA concentrations did not differ (P = 0.19) between CON and DFM or between d 14 and 28 (Table 4) . A day by hour interaction (P < 0.01) was detected for the acetate to propionate ratio; however, overall, the acetate to propionate ratio was higher at each time point on d 14 compared with d 28. A treatment by hour effect (P = 0.04) was observed for the molar proportion of acetate (Table 5) . Overall, DFM increased the molar proportion of acetate by 4.4% over the 12-h sampling period. Additionally, the mean daily molar proportion of acetate had a tendency (P = 0.07) to decrease from d 14 to 28. Conversely, the molar proportion of propionate increased (day × hour; P < 0.01) an average of 4.7% from d 14 to 28. The molar proportion of butyrate was not in- 
LAB = a mixed bacterial culture that primarily consisted of Lactobacillus acidophilus and Enterococcus faecium and also included Pediococcus acidilactici, Lactobacillus brevis, and Lactobacillus plantarum (10G; Vit-E-Men Co., Norfolk, NE)
2 LAB/LU = a mixed bacterial culture that primarily consisted of L. acidophilus and Propionibacterium freudenreichii (Bovamine; Nutrition Physiology Co., Guymon, OK).
3 n = 6 pens/treatment.
fluenced (P = 0.19) by DFM or time. DL-lactate concentrations were below detectable concentrations at all time points. A tendency (P = 0.07) for a treatment by day interaction occurred for ammonia-N concentration, in which the mean daily ammonia-N concentration remained the same in DFM treated animals from d 14 to 28, whereas in CON animals ammonia-N concentrations increased over time. Ruminal pH was influenced (P < 0.01) by time sampled in relation to feeding; pH decreased from hours 0 (pre-morning feeding) to 3 and then slowly recovered to pre-feeding concentrations by h 12. There was a tendency (P = 0.08) for a treatment by day interaction for mean ruminal pH. Mean ruminal pH was similar for CON on d 14 and 28, whereas mean pH increased from d 14 to 28 for DFM. Similarly, there was a tendency (P = 0.10) for a treatment by day interaction for minimum pH (Table  4) . Minimum pH did not differ for CON from d 14 to 28; however, minimum pH for DFM increased over time. An interaction (P = 0.05) was observed for maximum pH where maximum pH decreased from d 14 to 28 in CON but increased over time with DFM. Area under the curve did not differ (P = 0.54) between treatments, although a decrease (P < 0.01) was observed from d 14 to 28. Liquid dilution rate (percent/hour) did not differ (P 0.41) between CON and DFM (Table 6 ). Additionally, no differences (P = 0.99) in liquid dilution rate were observed over time. There was a tendency (P = 0.07) for an increase in rumen liquid volume with the DFM treatment. No differences (P = 0.18) in liquid volume were observed between d 14 and 28.
Lactate Challenge
Rate of L-lactate disappearance, independent of outflow, was unaffected (P = 0.58) by both DFM treatment and time (Table 6) . Similarly, rate of DL-lactate disappearance, independent of outflow, was also unaffected (P = 0.33) by treatment and time. Mean plasma L-lactate concentrations did not differ (P = 0.40) between CON and DFM or by day; however, a decrease (P = 0.02) in plasma L-lactate was observed over the challenge period (Fig. 1a) . Direct-fed microbial treatment and day did not impact (P = 0.16) average rumen pH during the lactate challenge period; however, an increase (P < 0.01) in rumen pH was observed over the 120-min lactate challenge (Fig. 1b) .
Digestibility
Dry matter digestibility was not impacted (P = 0.89) by treatment. Control DM digestibility measured 87.4 ± 0.7% and DFM DM digestibility was 87.5 ± 0.7%. Similarly, OM digestibility did not differ (P = 0.94) by treatment. Control OM digestibility was 88.4 ± 0.7% and DFM OM digestibility was 88.5 ± 0.7%. Nitrogen digestibility was not impacted (P = 0.92) by treatment. Nitrogen digestibility measured 78.7 ± 0.9% for CON steers and 78.8 ± 0.9% for DFM steers. Nitrogen balance did not differ (P = 0.57) with treatment. Control steers had a N balance of 73.1 ± 4.1 g/d, and DFM steers had a N balance of 69.8 ± 4.1 g/d.
DISCUSSION
Growth Performance
Gain-and growth-efficiency responses to DFM have been variable, with this variation typically being attributed to differences in strain and dosage of DFM. Other workers have compared the effects of various dosages and combinations of LAB/LU bacteria on intake, gain, and efficiency (Elam et al., 2003; Vasconcelos et 2 LAB/LU = a mixed bacterial culture that primarily consisted of L. acidophilus and Propionibacterium freudenreichii (Bovamine; Nutrition Physiology Co., Guymon, OK).
3 n = pens/treatment. al., 2008); however, to date there have not been direct comparisons of mixed cultures of solely LAB to mixed cultures of LAB/LU, which eliminates the possibility of confounding data with variations in diet and management practices. Differences in DMI, ADG, and growth efficiency were not observed between LAB and CON; however, performance differences between DFM strains were observed. Neuhold and coworkers (2012) similarly observed no difference in performance through finishing feeding a mixed bacterial culture of lactate-producing bacteria, primarily consisting of L. acidophilus and E. faecium. No differences in DMI, ADG, or growth efficiency were observed between CON and DFM (Neuhold et al., 2012) . In light of previous findings that responses to DFM occur during the early phases of feeding (Elam et al., 2003; Hutchenson et al., 1980; Swinney-Floyd et al., 1999) , it was unexpected to find differences between LAB and LAB/LU in the latter portions of the study.
Carcass Characteristics
Carcass characteristics did not differ between CON and LAB or LAB and LAB/LU. Similarly Charolais steers fed a mixed bacterial culture of LAB DFM did not differ in HCW, YG, QG, or marbling score from CON; however, DFM-fed steers had a greater percentage of KPH compared with CON carcasses (Neuhold et al., 2012) . Yield grades for steers fed L. acidophilus tended to be smaller than CON (2.55 vs. 2.66), although HCW, fat thickness, and marbling score did not differ between treatments (Peterson et al., 2007) . No differences in DMI, ADG, or final weight were observed by Peterson et al. (2007) . Carcass characteristics were not altered in animals fed mixed bacterial cultures of LAB/LU in experiments conducted by Elam et al. (2003) . It has been proposed that manipulation of VFA production by DFM provision could lead to differences in fat synthesis and distribution (Elam et al., 2003) . Direct-fed microbials have been shown to alter ruminal fermentation, and in some cases, an increase in the molar proportion of acetate has been observed with DFM supplementation (Ghorbani et al., 2002) . This is of note because acetate serves as the primary precursor for lipogenesis in beef cattle (McLeod et al., 2007; Smith and Crouse, 1984) . While there have been some indications that fat deposition may differ with DFM (Neuhold et al., 2012; Peterson et al., 2007) , the results from this study do not suggest differences when cattle are fed either a mixed culture of LAB or LAB/LU.
Rumen Fermentation
A mixed bacterial culture of LAB DFM, which primarily consisted of L. acidophilus and E. faecium, did not alter total VFA concentrations, which is in agreement with previous work (Beauchemin et al., 2003; Ghorbani et al., 2002) ; however, a shift in the VFA profile was observed. On average, across all time points, the molar proportion of acetate was 4.4% greater for DFM. Previous work has shown shifts in VFA profiles in response to DFM to be variable. Ghorbani et al. (2002) found that a combination of Propionibacterium and E. faecium resulted in an increase in the molar proportion of acetate. In contrast, Beauchemin et al. (2003) observed an increase in the molar proportion of propionate ab Within a row, means without a common superscript differ (P < 0.05).
1 DFM = a mixed bacterial culture that primarily consisted of Lactobacillus acidophilus and Enterococcus faecium and also included Pediococcus acidilactici, Lactobacillus brevis, and Lactobacillus plantarum (10G; Vit-E-Men Co., Norfolk, NE).
2 n = 6/treatment.
3 Trt = treatment, control, or DFM. 4 A:P = ratio of acetate to propionate.
5 AUC = area under the curve below a pH of 5.8.
with supply of E. faecium. An increase in molar acetate proportion does not support the hypothesis of Yang et al. (2004) , that LAB DFM stimulate the LU bacterial population. Instead, a shift toward increased propionate would be expected if LU bacteria were increased, due to lactate's role as an intermediate in propionate production via the acrylate pathway (Baldwin et al., 1962) . Increases in acetate production are associated with increased methane production and, therefore, decreased efficiency (Johnson and Johnson, 1995) . However, it has been estimated that, on average, DFM increase gain efficiency by 2% (Krehbiel et al., 2003) ; this data suggest that increases in efficiency with DFM are not achieved through reductions in methanogenesis. Volatile fatty acid concentrations and proportions did not differ by day with DFM provision; however, day by treatment interactions were observed for rumen pH measures. Rumen pH serves as the main diagnostic criterion for ruminal acidosis, with a pH of 5.8 typically serving as the threshold for indication of SARA (Aschenbach et al., 2011) . Mean, minimum and maximum pH did not differ between CON and DFM at d 14. Additionally, no changes in pH measures over time were observed for CON. However, DFM increased maximum pH from d 14 to 28 and also tended to increase mean and minimum pH. Average minimum pH was 5.83 at d 28 for CON compared with 6.16 for DFM. While area under the curve, a function of the amount of time spent below the threshold pH of 5.8, did not differ between CON and DFM, this data does give some indication that DFM may be beneficial in the prevention of SARA. Previous reports on the impact of DFM on ruminal pH have been variable. Mixed cultures of LU bacteria have been shown to have no effects on mean, minimum, or maximum pH (Ghorbani et al., 2002; Raeth-Knight et al., 2007) . A provision of E. faecium to cattle has been shown to have no impact on mean and maximum pH but reduces minimum daily pH (Beauchemin et al., 2003) . In contrast, a combination of E. faecium, L. plantarum, and Saccharomyces cerevisiae has been shown to increase mean daily pH in Holstein cows in early lactation (Nocek et al., 2002) . Similarly, Holstein cows treated with S. cerevisiae plus a combination of 2 strains of E. faecium exhibited higher mean pH vales prepartum as well as a less dramatic decline in rumen pH following parturition (Nocek et al., 2003) .
Total VFA concentration did not differ by day; however, shifts in the VFA profile over time indicate that animals had not achieved full adaptation to the basal diet by d 14. Concentrations of acetate and butyrate tended to decrease from d 14 to 28, resulting in a tendency for a decrease in the molar proportion of acetate and a significant increase in the molar proportion of propionate. These shifts in VFA proportions are in agreement with previous data in cattle transitioning to high-concentrate diets (Bevans et al., 2005) . Decreases in the prevalences of Fibrobacter succinogenes, a fibrolytic bacteria, and Butyrivibrio fibrisolvens, which utilized both cellulose and starch, have been observed in cattle transitioning from forage to high-concentrate diets (Fernando et al., 2010) . This is accompanied by increases in Megasphaera elsdenii, which utilizes lactate to produce propionate, and Selenomonas ruminantium, a propionate producing bacteria that utilizes a wide range of substrates including lactate (Fernando et al., 2010) .
Ruminal ammonia concentrations are comparable to those observed in animals fed similar diets. In steers fed a high-concentrate steam-flaked corn-based diet with 30% distillers grain inclusion, ammonia concentrations ranged from approximately 2 mM before feeding and peaked at approximately 6 mM (Uwituze et al., 2011) . Similarly, steers fed a high-concentrate steam-flaked corn diet with 15% distillers grain inclusion exhibited ammonia concentrations ranging from approximately 2.5 to 5.5 mM throughout the interval between feedings (Luebbe et al., 2012) . A tendency for a treatment by day interaction occurred for mean daily ammonia concentration, in which the mean daily ammonia concentration remained the same in DFM treated animals from d 14 to 28, whereas in CON animals ammonia concentrations increased over time. Liquid volume tended to be greater with DFM; however, this was the case at both d 14 and 28, suggesting that differences in liquid volume do not explain the treatment by day ammonia interaction. Rumen pH has the potential to impact both proteolysis of feedstuffs and subsequent absorption of the released ammonia (Bach et al., 2005; Tillman and Sidhu, 1969) . The optimal range for activity of proteolytic enzymes ranges from 5.5 to 7.0; however, protein degradation is reduced at the lower end of that range (Kopecny and Wallace, 1982) . The minimum pH for both CON and DFM fell toward the lower range of that spectrum, measuring 5.83 and 6.16 for CON and DFM, respectively; however, in this case lower rumen ammonia concentrations were observed in animals with higher rumen pH, suggesting that pH mediated differences in proteolytic enzyme activity do not explain the observed differences in ammonia concentration. It is possible that proteolysis was reduced with DFM treatment independent of the effects of rumen pH, which is supported by evidence of decreased rumen degradability of feedstuffs in vitro with DFM (N. Kenney, unpublished data). Ammonia is a weak base, with a pKa of approximate 9.0; consequently, decreases in rumen pH increase the proportion of ammonium ions, which are less readily absorbed across the rumen epithelium than ammonia (Tillman and Sidhu, 1969; Visek, 1968) . Increased ammonia concentrations at d 28 in CON animals may be a function of lower mean and minimum rumen pH measures, resulting in a greater proportion of ammonium ions and, therefore, decreased absorption and subsequently greater accumulation in the rumen. An alternative hypothesis is that DFM resulted in increased bacterial utilization of ammonia. This hypothesis is supported by growth performance data that suggests that degradable intake protein (DIP) requirements are increased with DFM provision . Growth efficiency increased linearly with increasing DIP supply in DFM-fed animals. Maximum growth efficiency with DFM was not realized until 120% of DIP requirement was supplied.
Lactate Challenge
Increasing ruminal lactate utilization would prevent the accumulation of lactic acid following consumption of diets high in readily fermentable carbohydrates and thereby avoid severe depressions in pH, thus allowing for prevention of acute cases of acidosis. Based on work showing that various DFM decrease in vitro lactate accumulation (Chaucheyras et al., 1996; Kung and Hession, 1995) , it has been hypothesized that DFM alter ruminal utilization of lactate (Yang et al., 2004) . Previously, direct measures of the impact of DFM on in vivo lactate metabolism and absorption have not been characterized. Rate of L-and DL-lactate disappearance, independent of outflow through the reticulo-omasal orifice, did not differ with day or treatment in response to a pulse dose of lactate. Additionally, plasma L-lactate concentrations remained unchanged. These results indicate that combined ruminal utilization and absorption of lactate was not influenced by DFM provision. 3 n = 11.
4 Control, n = 10; DFM, n = 12; SEM calculated using n = 10.
5 d 14, n = 10; d 28, n = 8; SEM calculated using n = 8. 6 Control, n = 8; DFM, n = 10; SEM calculated using n = 8. 7 Rumen pH as measured during 120-min lactate challenge.
Subacute ruminal acidosis is characterized by repeated bouts of low pH following feeding that recover to normal levels (Aschenbach et al., 2011) . The threshold for SARA is generally defined as having a rumen pH that falls below 5.8 to 5.5 and is associated with the accumulation of short-chain fatty acids instead of lactic acid (Aschenbach et al., 2011; Lettat et al., 2010) . In contrast, acute ruminal acidosis is typically defined as having a rumen pH that falls below a range from 5.2 to 5.0 and is associated with increased accumulation of lactic acid (Aschenbach et al., 2011) . Although minimum rumen pH fell into the range for diagnosis of SARA in this study, rumen pH was not depressed to levels associated with acute ruminal acidosis. This suggests that animals were not challenged with large accumulations of lactate on this diet, which is consistent with in vivo measures of lactate on d 14 and 28 that were below detectable concentrations over the 12 h characterized after feeding. However, increases in rumen pH combined with a shift toward greater molar proportion of acetate suggest that while DFM may not alter ruminal lactate utilization, they may aid in prevention of SARA. This is significant because although clinical symptoms are not as severe, SARA is the more prevalent form of acidosis in the feedlot (Nagaraja and Lechtenberg, 2007) .
Digestibility
Both modification of feedstuff digestibility or rate of passage could contribute to differences in growth performance observed with DFM. In this study, apparent total tract DM and OM digestibility did not differ with DFM, nor did apparent N digestibility or retained N. Retained N values are higher than typically observed, which is most likely a function of poor recovery of feces and urine N. Similarly, Yang et al. (2004) found no differences in DM, OM, starch, NDF, or ADF digestibility in continuous culture with supplementation of Propionibacterium, E. faecium, or E. faecium plus S. cerevisiae. In another study, supplementation with E. faecium, alone or in combination with S. cerevisiae, had no effect on apparent total tract DM digestibility but tended to decrease OM digestibility (Beauchemin et al., 2003) . In situ DM disappearance of barley silage, alfalfa hay, and wheat straw did not differ in animals adapted to a high-concentrate diet and treated with Propionibacterium or Propionibacterium plus E. faecium (Ghorbani et al., 2002) . However, combinations of yeast and E. faecium have been shown to improve ruminal digestion of forage DM in Holstein cows during the transition period (Nocek and Kautz, 2006) . Liquid passage rate was not impacted by DFM provision, which is in agreement with previous work using live yeast cultures (Harrison et al., 1988; Wiedmeier et al., 1987) . Typical liquid dilution rates range from 4 to10% per h (Church, 1988) , which is greater than values observed in this study. A number of factors influence liquid dilution rate, including intake and proportion of concentrate in the diet. Typically, decreases in liquid passage are observed as the proportion of concentrate in the diet increases and also as DMI decreases (Church, 1988) . It is possible that the below average values observed in this study are due to the combined effects of limit feeding a high-concentrate diet (90:10 concentrate to forage).
Although previous work has shown improvements in growth performance with DFM, in this study, neither LAB DFM nor a combination of LAB/LU DFM provided advantages in growth performance. Additionally, carcass characteristics were not impacted by either DFM culture. While no differences in growth performance were observed, the LAB DFM increased ruminal pH and the molar proportions of acetate and, therefore, may be beneficial in the prevention of SARA. However, this data do not support the hypothesis that DFM aid in the prevention of ruminal acidosis through modification of ruminal lactate utilization. Shifts in the rumen VFA profile toward greater molar proportions of acetate, at the expense of propionate, suggest that improvements in growth efficiency previously observed with lactate-producing DFM provision during receiving are probably not due to reductions in methanogenesis 
